1. Introduction {#sec1}
===============

Orthopedic implants are implanted into the human body in order to assist with carrying out the normal functions of the bone tissues and the joints and, as reported elsewhere \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5]\], the implant materials may have to be removed if they are not comprised of biocompatible alloying elements. Nickel (Ni) is an alloying element that results in the most frequent allergic reactions among all alloying elements used in implant materials \[[@bib6]\]. Revision surgery may be required, especially when an alloy containing Ni is implanted into patients who display allergic reactions to Ni \[[@bib2],[@bib3]\]. Such revision surgery increases costs and forces patients to undergo a second surgery, which is an undesirable situation \[[@bib7]\]. Thus, it is crucial that the implant materials are comprised of biocompatible alloying elements \[[@bib7],[@bib8]\]. In addition to biological compatibility, mechanical compatibility is another factor that can minimize the need for revision surgery \[[@bib7],[@bib9]\]. Balanced biological load distribution between the bone and the implant cannot occur where the Young\'s modulus of the implant material is higher than that of the bone tissue \[[@bib10]\]. If a material that is much more rigid than bone is used, the rigid implant material carries the majority of the physiological load, resulting in an excessive difference in load distribution between the implant and the surrounding bone \[[@bib10]\]. Hence stress shielding occurs, resulting in implant loosening due to bone resorption and atrophy, which is also undesirable \[[@bib11]\].

Ti-40.7Zr--24.8Nb (wt.% hereafter) (TZN) is a newly developed β-type titanium (Ti) alloy with excellent biocompatibility and promising mechanical properties for biomedical applications \[[@bib12]\]. The TZN alloy showed a tensile strength (σ~ts~) of 704 MPa, a Young\'s modulus (E) of 63 GPa, and an elongation at rupture (ε) of 10% in the as-casted state \[[@bib12]\]. Further improvement in the mechanical properties of TZN is important for achieving long service life with a TZN alloy implant. The mechanical performance indicators for orthopedic implant materials are defined as high mechanical strength, low Young\'s modulus, and high ductility \[[@bib12], [@bib13], [@bib14]\]. Hence, it is necessary to keep the Young\'s modulus of the TZN alloy almost constant with further increases in mechanical strength and ductility. As reported elsewhere \[[@bib13],[@bib14]\], thermomechanical processes can be considered as a promising approach in achieving enhanced strength and ductility without increasing the Young\'s modulus.

Based on their room temperature microstructure, Ti alloys are classified as α, near α, α+β, metastable β, and stable β alloys \[[@bib15]\]. The microstructure of Ti alloys can be modified via cold-forming \[[@bib13],[@bib14],[@bib16], [@bib17], [@bib18]\], hot-forming \[[@bib19],[@bib20]\], and heat-treatment procedures \[[@bib13], [@bib14], [@bib15]\]. The capabilities of β Ti alloys modified by cold-forming are good \[[@bib21]\]. It is well known that the surface qualities of parts obtained after cold forming are much better than those obtained by other processes, which is beneficial for reducing production costs. However, while an increase in mechanical strength is achieved as a result of cold forming, ductility worsens.

Different from other metallic materials, the deformation products (e.g. ω, and α") of metastable β-type Ti alloys that are generated during plastic deformation may change their Young\'s modulus \[[@bib13],[@bib14],[@bib22],[@bib23]\]. The level at which the plastic deformation is applied also affects the deformation mechanisms and deformation products, leading to a change to the Young\'s modulus \[[@bib13],[@bib14]\].

Another important aspect is that the TZN alloy contains high amounts of zirconium (Zr). The assimilation of a removable implant with the bone due to the precipitation of calcium phosphate on its surface is not desirable because this may cause refracturing of the bone during the removal of the implant \[[@bib24],[@bib25]\]. The probability of the formation of new bone fractures when removing an implant is minimized if the bone and the implant material are not assimilated, and this also makes the removal of the implant easier after recovery \[[@bib24]\]. It has been reported that Zr can effectively prevent the precipitation of calcium phosphate \[[@bib24], [@bib25], [@bib26]\]; thus a TZN alloy with high Zr content (40.7 % wt.) can be anticipated to be a promising candidate for removable implant applications.

In this study, the effects of solution-treatment, cold-rolling, and recrystallization-annealing procedures on the microstructure and mechanical properties of the TZN alloy are examined. After recrystallization annealing, TZN shows a unique combination of good mechanical properties.

2. Experimental procedure {#sec2}
=========================

2.1. Materials preparation {#sec2.1}
--------------------------

Ingots of the TZN alloy with a composition of Ti-40.7Zr--24.8Nb (wt.%) was prepared via cold-crucible levitation melting. The ingots were re-melted five times in order to guarantee their chemical homogeneity. A solution treatment at 890 °C for 1 h was carried out on the TZN ingots before further cold rolling, and cold rolling plus recrystallization annealing. The alloy plates were then cold-rolled at different reduction ratios of 20%, 56%, 76%, and 86%. The solution-treated samples are referred to as TZN-S, and the samples after cold rolling at 20%, 56%, 76%, and 86% reduction ratios are referred to as TZN-A, TZN-B, TZN-C and TZN-D, respectively. The samples after cold rolling at the 86% reduction rate were subsequently subjected to recrystallization annealing at 890 °C for 1 h and this group of samples is referred to as TZN-R. The preparation steps of the thermomechanical processes for the TZN alloy samples are shown in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Thermomechanical processing steps for Ti-40.7Zr--24.8Nb (TZN) alloy samples.Fig. 1

Disc samples with dimensions of 8 mm and thickness of 2 mm were cut from the TZN alloy plates using electrical discharge machining (EDM) for microstructural analysis. The disc samples were ground using SiC grinding papers of up to 4000 grit, and polished to a mirror finish with an H~2~O~2~ and colloidal silica mixture solution. The microstructures of the samples were examined using optical microscopy (OM) and scanning electron microscopy (SEM) in electron backscatter diffraction (EBSD) mode. X-ray diffraction (XRD) (Bruker D8 Advance) was used to determine the phase constitutions of the samples using a Cu Kα radiation source under 40 kV and 40 mA operating conditions.

2.2. Mechanical property testing {#sec2.2}
--------------------------------

Tensile samples of the TZN alloy plates were cut using EDM parallel to the rolling direction. The surfaces of the tensile samples were ground using SiC grinding paper up to 2400 grit. Tensile tests were performed at a strain rate of 1 × 10^−3^ s^−1^ at room temperature using a video extensometer. Averages of three different measurements were taken as the tensile properties of the samples. The yield strength (σ~ys~) of the samples was calculated using the 2% offset method, and the Young\'s modulus (E) was obtained by calculating the slope of the linear portion of the stress-strain curves. The elastic energy of the samples was obtained by calculating the area of the elastic region under the stress-strain curves, and the toughness value was obtained by calculating the total area under the tensile curve. Field-emission SEM (ZEISS SUPRA 40 VP) was used for examining the fracture surfaces of the samples after tensile testing.

2.3. Statistical analysis {#sec2.3}
-------------------------

The one-way ANOVA method was used for analyzing the mechanical properties of the TZN alloy samples. Tukey\'s HSD post hoc test was used for determining that there were no statistically significant differences between the groups. The differences between the samples were accepted as statistically significant in cases where ρ \< 0.05.

3. Results and discussion {#sec3}
=========================

3.1. Microstructures of TZN alloy samples {#sec3.1}
-----------------------------------------

[Fig. 2](#fig2){ref-type="fig"} shows the optical micrographs of the TZN alloy samples after the different thermomechanical processing steps. It can be seen that the TZN-R sample showed a fine, equiaxed grain structure after recrystallization annealing ([Fig. 2](#fig2){ref-type="fig"}f). The grain size of the TZN-S and TZN-R samples was measured as \~800 μm and \~80 μm, respectively. As can be seen from the OM images of the TZN samples after cold rolling at different reduction ratio (TZN-A, TZN-B, TZN-C, and TZN-D), different deformation products were observed in the microstructures. The deformation of grain structures increased with an increase in the cold-rolling reduction ratio. To further identify the deformation products of the TZN samples after cold rolling, EBSD analysis was carried out to determine the deformation products and therefore, the deformation mechanisms, these results are discussed later in the paper.Fig. 2Optical micrographs of TZN alloy samples: (a) TZN-S; (b) TZN-A; (c) TZN-B; (d) TZN-C; (e) TZN-D; and (f) TZN-R.Fig. 2

[Fig. 3](#fig3){ref-type="fig"} presents the XRD patterns of the TZN alloy samples after the different thermomechanical processing steps. The TZN-S and TZN-R samples exhibit peaks only for a β phase. Ti alloys with a sufficient content of a β stabilizing element may remain in a metastable state after quenching since their martensite transformation start temperature is below room temperature. Both TZN-S and TZN-R are in an as-quenched state.Fig. 3XRD diffraction patterns of the TZN samples after different thermomechanical processing steps.Fig. 3

All the cold-rolled samples (TZN-A to TZN-D) exhibited peaks of a deformation-induced α" phase in addition to peaks of a β phase. Previous researches \[[@bib13],[@bib14],[@bib18],[@bib22],[@bib23],[@bib27], [@bib28], [@bib29]\] has demonstrated that for some Ti alloys, transformation from the β phase to α" martensite can take place by applying stress at room temperature for some Ti alloys when the martensite start temperature is below room temperature. This deformation-induced α" phase forms as a result of the transformation of the metastable body-centered cubic (BCC) β phase into an orthorhombic crystal structure due to deformation \[[@bib30]\]. The α" phase peaks disappeared in the XRD pattern of TZN-R, indicating that the deformation-induced α" phase transformed into a β phase. In addition, it can be seen that the width of the diffraction peaks of TZN-R decreased as compared to those of the cold-rolled TZN samples due to the release of the residual stress, similar to the results reported elsewhere \[[@bib13],[@bib14]\].

3.2. Deformation mechanisms of TZN alloy samples {#sec3.2}
------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"} shows the corresponding misorientation profiles of the features in TZN-A as analyzed by EBSD. It can be seen that the β matrix and deformation products had different colors with band-type deformation products. The misorientation angles between the band formations and the β matrix were measured in order to determine the types of deformation products. Eight different misorientation profiles were drawn up based on the deformation products, marked with white arrows and it can be seen that the misorientation angles between all the deformation products and the β matrix were measured in the range of 10--30°. It has been reported that the deformation products are kink bands when the misorientation angle between the deformation product and the β matrix is between 10 and 30° \[[@bib13],[@bib14],[@bib31]\]. In this study, the thickness of TZN-A was decreased by 20% via cold rolling and the plastic deformation resulted in the formation of kink bands. It is worth noting that kink band formation is not as common as plastic deformation mechanisms of slipping and twinning; however it is considered to be an important plastic deformation mechanism in metallic materials exhibiting strong plastic anisotropy, especially in metals and alloys with hcp crystal structure \[[@bib32]\]. However, kink band formation has also been reported occurring during the plastic deformation of β titanium alloys with bcc crystal structure \[[@bib13],[@bib14],[@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36]\]. Kink bands, which are defined as local crystallographic bands with an arbitrary degree of rotation, improve the crystal deformability of β titanium alloys during plastic deformation \[[@bib31],[@bib37]\].Fig. 4Corresponding misorientation profiles of the features in TZN-A.Fig. 4

The corresponding misorientation profiles of the features in TZN-B as analyzed by EBSD are shown in [Fig. 5](#fig5){ref-type="fig"} analyzed by EBSD. It can be seen that the misorientation angles against distance along the misorientation profiles were measured as less than 30° for the deformation products marked with the white arrows 1, 2, 3, 5, 6, and 8, indicating that these deformation products were kink bands. However, the misorientation angle against distance along the misorientation profile was measured as approximately 50.5°. It can be deduced that these deformation products were {3 3 2} \<113\> β mechanical twins along the \<110\> direction in the β matrix, as reported in previous studies \[[@bib13],[@bib14],[@bib38]\].Fig. 5Corresponding misorientation profiles of the features in TZN-B.Fig. 5

The misorientation angle for the deformation product marked 4 was measured as varying between 45 and 50°. It is worth noting that the misorientation angle between the {3 3 2} \<113\> β mechanical twin and the β matrix might be lower than 50.5° in the case of a high deformation ratio, as also reported in previous studies \[[@bib13],[@bib14],[@bib31]\]. Therefore, it can be concluded that the deformation products marked 4 were {3 3 2} \<113\> mechanical twins.

3.3. Mechanical properties of TZN alloy samples {#sec3.3}
-----------------------------------------------

The micro-hardness values of the TZN alloy samples after the different thermomechanical processing steps were 229.2 HV for TZN-S, 246.2 HV for TZN-R, 248.7 HV for TZN-A, 264.2 HV for TZN-B, 267.3 HV for TZN-C, and 276.7 HV for TZN-D, respectively. Unsurprisingly, the TZN alloy samples after cold rolling showed higher micro-hardnesses than those without cold rolling, and the micro-hardness increased with an increase of the reduction ratio of cold rolling. This is because the dislocation density and tangles and grain size of the samples increased with an increase in the reduction ratio of cold rolling. Also, TZN-R showed a higher micro-hardness than that of TZN-S due to its finer grain size.

[Fig. 6](#fig6){ref-type="fig"} shows the tensile stress-strain curves of the TZN alloy samples. The tensile strength (σ~ts~), yield strength (σ~ys~), elongation at rupture (ε), Young\'s modulus (E), and elastic admissible strain (δ) values for the TZN alloy samples are given in [Table 1](#tbl1){ref-type="table"}. It can be seen that the tensile strength ranked in decreasing order was TZN-D \> TZN-C \> TZN-B \> TZN-A \> TZN-R \> TZN-S. The elongation at rupture values for the TZN alloy samples were ranged from 7% to 20%, which is higher than or comparable to those of commercially available biomedical Ti alloys; for instance, the β-type Ti alloys Tiadyne 1610 (aged) \[[@bib39]\] and Ti-35.3Nb-5.1Ta-7.1Zr (annealed) \[[@bib40]\], α+β-type Ti alloys Ti--6Al--4V ELI (mill annealed) \[[@bib39]\] and Ti--6Al--4V (as-cast) \[[@bib41]\], and α-type commercially pure Ti (CP--Ti) (Grade 4) \[[@bib40]\] exhibit an elongation at rupture of 10%, 19%, 10--15%, 8%, and 15%, respectively. It is worth noting that the elongation at rupture of the TZN Ti alloy samples decreased after cold rolling but significantly increased after recrystallization annealing and the TZN-R alloy sample showed an elongation at rupture of 20%, higher than that of all the above-mentioned alloys and the highest among all the TZN alloy samples.Fig. 6Tensile stress-strain curves of TZN alloy samples.Fig. 6Table 1Tensile properties of the thermo-mechanically treated TZN alloy samples.Table 1TZN alloyσ~ys~ (MPa)σ~ts~ (MPa)E (GPa)ε (%)δ (%)PhasesTZN-S740 ± 12753 ± 663 ± 210 ± 21.18 ± 0.02βTZN-A692 ± 21799 ± 1272 ± 111 ± 10.97 ± 0.04β + α″TZN-B865 ± 130981 ± 6771 ± 39 ± 21.22 ± 0.13β + α″TZN-C1007 ± 571072 ± 4471 ± 08 ± 11.43 ± 0.08β + α″TZN-D1061 ± 701158 ± 7472 ± 27 ± 31.47 ± 0.13β + α″TZN-R803 ± 81848 ± 4466 ± 220 ± 11.22 ± 0.15β[^1]

Resilience is the ability of a metal to release the energy it has absorbed under elastic deformation upon unloading of the stress applied; this is measured as the modulus of resilience or elastic energy \[[@bib42]\]. On the other hand, toughness is the energy absorbed by a metal before it is ruptured \[[@bib42]\]. The elastic energies and toughness values of the TZN alloy samples obtained by calculating the areas of the elastic region and before rupture from their tensile curves are presented in [Fig. 7](#fig7){ref-type="fig"}. It can be seen that the elastic energy of the cold-rolled samples ranked in decreasing order was TZN-D \> TZN-C \> TZN-B \> TZN-A. TZN-S and TZN-R showed similar elastic energies. Also, TZN-R showed the highest toughness among all the TZN alloy samples. The toughness of the TZN-R sample was drastically improved due to the refining of grain size and decreasing of location density after recrystallization annealing.Fig. 7Elastic energy and toughness of TZN alloy samples after different thermomechanical processing steps.Fig. 7

The Young\'s modulus of the TZN alloy samples was 63, 66, 71, 71, 72, and 72 GPa for TZN-S, TZN-R, TZN-B, TZN-C, TZN-D, and TZN-A, respectively. It is worth noting that there was no statistically significant difference (ρ \> 0.05) between the Young\'s modulus values of the cold-rolled TZN alloy samples. Stress-induced ω and α" phases are likely to occur during cold rolling process of metastable titanium alloys as reported elsewhere \[[@bib13],[@bib14]\]. It is considered that the stress-induced ω phase caused an increase in the Young\'s modulus of the specimens after cold rolling. It is worth noting that the Young\'s modulus of the stress-induced ω phase is higher than those of the stress-induced α" and β phases \[[@bib43],[@bib44]\]. In this study, the effect of stress-induced ω phase on the Young\'s modulus of the specimens may be more dominant than the Young\'s modulus lowering effect of the stress-induced α" phase, leading to an overall increase in the Young\'s modulus of the specimens.

These Young\'s modulus values are promising in terms of orthopedic implant applications because they are significantly lower than those of CP-Ti and Ti--6Al--4V, the most widely used biomedical Ti alloys. High mechanical strength coupled with low Young\'s modulus are highly desirable for orthopedic implant applications \[[@bib12], [@bib13], [@bib14],[@bib45],[@bib46]\]. The biomechanical compatibility of orthopedic implant materials is evaluated via the elastic admissible strain, which is calculated by dividing the yield strength by the Young\'s modulus of the materials (δ = σ~ys~/E). It is possible to compare various orthopedic implant materials with regard to their biomechanical compatibility by using δ \[[@bib8],[@bib9],[@bib12]\]. A higher δ means a more biomechanically compatible material \[[@bib12],[@bib46]\]. The elastic admissible strain of the TZN alloy samples was 0.97%, 1.18%, 1.22%, 1.22%, 1.43%, and 1.47% for TZN-A, TZN-S, TZN-R, TZN-B, TZN-C, and TZN-D, respectively ([Table 1](#tbl1){ref-type="table"}). It is worth noting that TZN-D exhibited the highest elastic admissible strain among all the TZN alloy samples and its value of δ = 1.47% was considerably higher than those of the as-cast alloy (δ = 1.08%) \[[@bib12]\], CP-Ti (δ = 0.47%) \[[@bib40]\] and Ti--6Al--4V (δ = 0.80%) \[[@bib39]\]. It is possible to obtain structural and functional Ti alloys with excellent mechanical performance via severe plastic deformation \[[@bib13],[@bib14],[@bib21],[@bib38],[@bib47],[@bib48]\]. In this study, TZN-D after cold rolling at an 86% reduction ratio exhibited a yield strength of 1061 MPa, a tensile strength of 1158 MPa, a Young\'s modulus of 72 GPa, and an ultrahigh elastic admissible strain of 1.47%.

The tensile fracture surfaces of the TZN alloy samples are shown in [Fig. 8](#fig8){ref-type="fig"}. It can be seen that all the TZN alloy samples exhibited the ductile fracture characteristics of dimples, but the dimples on the fracture surface of TZN-R were larger and deeper than those of the cold-rolled samples of TZN-A, TZN-B, TZN-C, and TZN-D, and the solution treated sample of TZN-S. Following the neck formation in the specimen, separation of the inclusions from the rest of the material and/or fracture of the inclusions result in microvoid formations \[[@bib49]\]. With advancing deformation, those microvoids grow and coalesce, causing cracks to occur in the material \[[@bib50]\]. The formation of cracks continues to grow as those microvoids coalesce \[[@bib42],[@bib50]\]. Finally, following the rapid crack propagation, fracture occurs \[[@bib42],[@bib50]\]. Since one of the fractured pieces resembles a cup and the other is a cone, this kind of fracture is called a cup-and-cone type fracture \[[@bib42]\]. The ductile cup-and-cone type fracture morphology shown in TZN-R was formed due to the microvoid coalescence mechanism. In addition, cleavage formation combined with shallow vein patterns were observed on the fracture surfaces of the cold-rolled TZN alloy samples.Fig. 8Tensile fracture surfaces of: (a) TZN-S; (b) TZN-A; (c) TZN-B; (d) TZN-C; (e) TZN-D; and (f) TZN-R.Fig. 8

4. Conclusions {#sec4}
==============

The microstructure, deformation mechanisms, tensile and micro-hardness properties of thermomechanically processed TZN alloy samples were investigated. The main conclusions are as follows:aDeformation of the TZN alloy samples during cold rolling occurred via kink band formation, {3 3 2} \<113\> mechanical twinning, and stress-induced α" formation. All the deformation products were disappeared after recrystallization annealing, resulting in the formation of a fine, equiaxed single β phase.bThe TZN alloy samples showed higher tensile strength, Young\'s modulus and micro-hardness values after cold rolling. The TZN alloy after cold rolling at an 86% reduction ratio showed 7% elongation at rupture, 1061 MPa yield strength, 1158 MPa tensile strength, 72 GPa Young\'s modulus, and 1.47% elastic admissible strain; and for the alloy sample after recrystallization annealing showed 20% elongation at rupture, 803 MPa yield strength, 848 MPa tensile strength, 66 GPa Young\'s modulus, and 1.22% elastic admissible strain.cAll the TZN alloy samples after the various thermomechanical processes exhibited elongation at rupture ranging from 7% to 20%, which is higher than or comparable to those of the commercially available medical Ti alloys.dThe tensile fracture surface of the TZN alloy sample after cold rolling at an 86% reduction ratio plus recrystallization annealing showed the ductile fracture characteristics of large and deep dimples.eOverall, the TZN alloys with composition of Ti-40.7Zr--24.8Nb can be considered promising candidate materials for biomedical applications in terms of their high mechanical strength, cold-forming ability and high ductility.
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[^1]: σ~ts~: tensile strength; E: elastic modulus; ε: elongation; δ: elastic admissible strain.
